We have so far developed a computational code system dedicated to deuteroninduced reactions in combination with some theoretical models. In our previous works, the code system was successfully applied to systematic analyses of double-differential cross sections (DDXs) of (d,xp) reactions for 12 C, 27 Al, and 58 Ni at incident energies up to 100 MeV.
Introduction
In recent years, research and development of accelerator neutron sources has led to renewed interest in the study of deuteron-induced reactions. In these facilities, the (d,xn) reaction on light nuclei (Li, Be, C, etc.) is considered as a promising reaction to generate intensive neutron beams. Fig.1 shows experimental thick target neutron yields (TTNYs) from (p,xn) and (d,xn) reactions on 9 Be [1, 2] . This figure shows some advantages of a (d,xn) neutron source over a widely-used (p,xn) neutron source. First, the amount of generated neutrons is large. Second, the neutron spectrum has a broad energy peak around half the deuteron incident energy. This means that the most probable neutron energy can be changed by adjusting incident deuteron energy. In addition, the (d,xn) reaction has strongly forward-peaked angular distribution, which is an additional advantage from the point of view of shielding. From these favourable features, intensive neutron sources using deuteron accelerator have been proposed for various applications such as production of radioisotopes for medical use [3, 4] and irradiation testing of fusion reactor materials [5] .
Engineering design of such (d,xn) neutron sources requires understanding of the interaction of deuteron with various materials used in the system components, e.g., a neutron converter, a beam collimator, a vacuum duct, etc. Therefore, we have so far developed a computational code system dedicated to deuteron-induced reactions in combination with some theoretical models [6] [7] [8] [9] . Elastic breakup and stripping reactions to continuum are calculated using the codes based on the ContinuumDiscretized Coupled-Channels method (CDCC) [10] and the Glauber model [6] , respectively. In addition, DWUCK4 [11] , which is the calculation code based on conventional zero-range Distorted Wave Born Approximation (DWBA), is used to calculate stripping reactions to bound states in the residual nuclei. Finally, preequilibrium and evaporation components are estimated using the CCONE code [12] , which was successfully applied to neutron nuclear data evaluation for the latest version of Japanese Evaluated Nuclear Data Library (JENDL-4.0) [13] . In our previous works, the code system has been successfully applied to systematic analyses of double-differential cross sections (DDXs) of (d,xp) reactions for 12 C, 27 Al, and 58 Ni at incident energies up to 100 MeV [7] [8] [9] . The calculation is in good agreement with the experimental data. This result shows that the neutron stripping process to continuum is dominant in forward proton emission in the high incident energy region. In this study, we apply the code system to neutron emission from deuteron-induced reactions. Since there is few experimental data of DDXs of (d,xn) reactions, TTNYs for carbon are calculated and compared with the corresponding experimental data instead of DDXs. The measured TTNYs for carbon are available in the wide incident energy range, thus they enable us to investigate the incident energy dependence of individual reaction processes in detail. Including the results of our previous works for the (d,xp) reactions, validation of the present modelling for both proton and neutron emissions from deuteron-induced reactions is discussed through comparison with available experimental data.
Analysis of stripping reactions by DWBA
First of all, we analyze the stripping reaction process to discrete states by DWBA. These reactions make a large contribution to nucleon emission in the low incident energy region. In TTNYs calculation, we assume that natural carbon consists of only 12 C isotope whose natural abundance is 98.89%. Therefore, we analyze the 12 C(d,n) 13 N reactions to the ground and some excited states.
DWBA calculation
The DWBA differential cross section for the (d,n) reaction leading to the bound state i is given by
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4004 where E d is the incident deuteron energy, D 0 is a constant used in zero-range approximation, J A and J i are the spins of target nucleus 12 C and i-th state of residual nucleus 13 N, respectively, S i is the spectroscopic factor for each state, j is the spin of transferred proton, and dσ DWUCK4,i /dΩ is the differential cross section calculated with the DWUCK4 code. Input parameters used in DWUCK4 calculations are listed in Table 1 . These parameters are based on our previous work [9] . Table 1 . Input parameters used in the DWUCK4.
Neutron potential
Koning-Deraloche (KD) [14] Deuteron potential Adiabatic potential [15] , we have calculated the DWBA cross section for these state using a very loosely bound state wave function by setting the binding energy to 0.01MeV in DWUCK4 calculations. In addition, the statistical decay contribution from compound nuclei is calculated using the CCONE code. Figure 2 shows the comparison of calculated and experimental differential cross sections for the 12 C(d,n) 13 N reactions in the incident energy range from 7 to 18 MeV. The experimental data are taken from Refs. [16] [17] [18] [19] [20] . The values of spectroscopic factor (SF) are extracted by fitting the calculated DWBA cross section to the corresponding experimental one at forward angles where proton stripping process is dominant. It should be noted that the experimental values for the second and the third excited states are unresolved. From the analyses for the 12 C(d,p) 13 C, which is the isobaric analog state of 13 N [9], we estimate the SF values of the third excited state which is four times as large as that of the second excited state. The sum of the direct stripping component calculated by DWBA and the contribution from statistical decay show good agreement with the experimental data at small angles. 
Spectroscopic factor
The experimental SF values for the 12 C(d,n) 13 N reaction extracted from the present analyses are shown in Table 2 . They are also presented in solid squares in Fig.3 . Fluctuation among the experimental SF values can be seen in the figure. This is due to the effect of resonance structures as described in Ref. [16] . 
We assume that the SF value for each 12 C(d,n) 13 N reaction has the same energy dependence as S(E d ). Since S(E d ) is re-normalized for the case of the 12 C(d,p) 13 C g.s. reaction, it is necessary to fix a scaling factor F i depending on each i-th state of 13 N. We average the effect of resonance structures and fix the each F i as follows. For the ground and the first excited states of 13 N, we adopt the same F i as the ones for the corresponding states of 13 C derived in Ref. [9] . For the second and the third excited state of 13 N, we fix each F i so as that 
Analysis of TTNYs
In the engineering design of deuteron accelerator neutron sources, DDXs for (d,xn) reactions are critically important. However, the experimental data are sparse over wide ranges of target mass number and incident energy. On the other hand, experimental data of TTNYs for carbon are available in the wide incident energy range. To validate the present modelling for neutron emission from deuteron-induced reactions, we derive TTNYs from DDXs for (d,xn) reactions calculated with the present code system and compare the resultant TTNYs with the experimental data.
Calculation method
In TTNYs calculation, we assume that natural carbon consists of only 12 C. TTNYs for the 12 C target can be derived as
where E d is the incident deuteron energy, N is the atomic density of the target, E i is the deuteron energy in the target, d
2 σ/dEdΩ is the DDXs for the 12 C(d,xn) reaction, dE/dx is the deuteron stopping power of deuteron in the 12 C target, and σ rea is the deuteron total reaction cross section on 12 C. We calculate the stopping power and the total reaction cross section with the SRIM-2010 code [21] and the CCONE code, respectively. DDXs for the 12 C(d,xn) reaction are calculated in the same way as described in Refs. [8, 9] .The input parameters in DWBA calculations are the same as those given in Table 1 . In the CDCC and Glauber models, nucleon optical potentials (OPs) of KD [14] are used for proton and neutron. The OPs used in the CCONE code are the global nucleon OPs of KD for proton and neutron and the adiabatic OP [15] Figure 4 shows the comparisons between the calculated and experimental TTNYs for carbon at angles around 0 o . The incident deuteron energies are from 9 to 50 MeV. The experimental data are taken from Refs. [22] [23] [24] [25] [26] [27] . In the wide incident energy range, the present calculation reproduces both the shape and magnitude of the experimental TTNY spectra at forward angles around 0 o . As shown in Fig.4 , the proton stripping process is dominant in the incident energy below 50 MeV. In our previous works [6] [7] [8] [9] , the calculation results have shown that the neutron stripping process is dominant in forward proton emission at 56 and 100 MeV. These results indicate that the stripping processes make a dominat contribution to neucleon emission in the whole incident energy range below 100 MeV and they should be taken into account using reliable theoretical models. However, the present calculation fails to reproduce the TTNY spectra in the low emission energy region. This discrepancy may be due to insufficiency of the statistical decay calculation. Figure 5 shows the comparisons between the calculated and experimental TTNYs for carbon for several angles at 18 MeV. The present calculation reproduces the experimental data at several forward angles. It should be noted that the step structure seen in the high energy region arises from the stripping reaction to the ground and some excited states of 13 N calculated by DWBA. The Glauber model cannot deal with individual transitions to bound states but can describe the sum of stripping contributions to both continuum and bound states as a continuous spectrum. Thus, if we use the Glauber model alone to calculate the stripping component, these step structure in TTNYs cannot be reproduced well. 
Results and discussion

Summary and outlook
A computational code system dedicated to deuteron-induced reactions has been applied to neutron emission in deuteron-induced reactions. The code system consists of the codes based on the CDCC for elastic breakup and the Glauber model for the stripping reaction to continuum, DWUCK4 based on conventional zero-range DWBA for the stripping reaction to bound states in the residual nuclei, and the CCONE code for preequilibrium and evaporation components. The calculations with the code system reproduce successfully the experimental thick target neutron yields (TTNYs) for carbon at incident energies from 9 to 50 MeV. Along with the results of our previous works for double differential (d,xp) cross sections, these results demonstrate the applicability of the present modelling for both proton and neutron emissions from deuteron-induced reactions.
In the future, we plan to apply the present modelling to analyses of TTNYs for other nuclei, such as Be, Li, Al, etc., which are required in the engineering design of deuteron accelerator neutron sources.
